White lupin (Lupinus albus L.) is able to acclimate to phosphorus deficiency by forming proteoid roots that release a large amount of citric acid, resulting in the mobilization of sparingly soluble soil phosphate in the rhizosphere. The mechanisms responsible for the release of organic acids have not been fully elucidated. In this study, we focused on the link between citrate and malate release and the release of H + and other inorganic ions by proteoid roots of white lupin. 
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White lupin (Lupinus albus L.) is able to acclimate to phosphorus deficiency by forming proteoid roots that release a large amount of citric acid, resulting in the mobilization of sparingly soluble soil phosphate in the rhizosphere. The mechanisms responsible for the release of organic acids have not been fully elucidated. In this study, we focused on the link between citrate and malate release and the release of H + and other inorganic ions by proteoid roots of white lupin. The release of citrate was closely correlated with the release of H + , K + , Na + and Mg 2+ , but not with that of Ca 2+ . The stoichiometric relationships between citrate release and the release of H + , K + , Na + and Mg 2+ were 1 : 1.3, 1 : 2.1, 1 : 1.5 and 1 : 0.47, respectively. Similar correlations were found between exudation of malate and cations. During 30 min incubation, fusicoccin addition stimulated H + and malate release, but not citrate release. A concomitant stimulation of H + , malate and citrate release was measured after 60 min incubation. Vanadate inhibited the release of H + and malate, but not that of citrate. Anthracene-9-carboxylic acid, an anion channel blocker, caused a concomitant decrease in release of citrate, malate and H + . We conclude that for export of citrate across the plasma membrane of proteoid root cells, H + release is not strictly related to citrate release. Other cations such as K + and Na
Introduction
Low availability of soil phosphate (P) is a major constraint for crop production in many low-input agricultural systems worldwide, especially in the highly weathered soils of the humid tropics and subtropics, in many sandy soils of the semiarid tropics, and in calcareous soils of temperate regions, where crop productivity is severely compromised due to a lack of available P (Raghothama 1999) . Higher plants have developed various strategies for acquiring sparingly soluble nutrients from soil. In response to P deficiency, various species from different families develop so-called proteoid roots. These are bottlebrush-like clusters of rootlets of limited growth with an average length of 0.5-1 cm. The rootlets are closely arranged along lateral roots and are usually covered with long and dense root hairs (Purnell 1960 , Dinkelaker et al. 1995 , Watt and Evans 1999b .
One of the most remarkable characteristics of proteoid roots is that they are able to strongly acidify the rhizosphere soil (Dinkelaker et al. 1989 , Li et al. 1997 . It is well established that this acidification by proteoid roots is attributed to the release of a huge amount of organic acids, predominantly as citric and malic acid, into the rhizosphere under P deficiency (Gardner et al. 1983 , Dinkelaker et al. 1989 , Li et al. 1997 , Keerthisinghe et al. 1998 , Neumann et al. 1999 . A release rate of citric acid in the range of 1.1-2.4 µmol (g FW)
-1 h -1 has been reported for proteoid roots of white lupin (Keerthisinghe et al. 1998 , Neumann et al. 1999 , Peñaloza et al. 2002 . In addition, because the rootlets are closely arranged, the released citric acid can accumulate to 40-85 µmol (g soil) -1 in the rhizosphere soil of proteoid roots (Dinkelaker et al. 1989 , Gerke et al. 1994 , Li et al. 1997 ). This concentration is sufficient to release P from sparingly soluble Fe-and Al-phosphate (Gerke et al. 1994 ) by mechanisms of ligand exchange or chelation of metal ions (Hinsinger 1998) . Because of functioning of proteoid roots, all species forming proteoid roots can grow in soils with poorly available P in natural ecosystems. Of the species that form proteoid roots, white lupin (Lupinus albus L.) is currently used in agriculture and has been most intensively studied (Watt and Evans 1999b) . In fact, in the investigations on adaptation mechanisms of higher plants to P deficiency, white lupin has become a model plant (Johnson et al. 1996 , Watt and Evans 1999b , Vance 2001 , Neumann and Martinoia 2002 .
For white lupin, the highest exudation activity of citric acid is associated with the mature root clusters, whereas young and old clusters release only a limited amount of acids (Keerthisinghe et al. 1998 , Neumann et al. 1999 , Watt and Evans 1999a . Because of high cytosolic pH (pH 7-7.5), citric acid dissociates into citrate and H + in the cytosol (Ma et al. 2001 ). This implies that the release of citric acid by proteoid roots must be attributed to, at least, two structurally separated plasma membrane transport processes: citrate export and proton export (Yan et al. 2002) . Our previous study showed that a plasma membrane H + ATPase is responsible for the H + export associ-ated with citrate export from proteoid root cells (Yan et al. 2002) . Recently, a citrate-permeable channel in the plasma membrane of proteoid roots from white lupin has been characterized by means of the patch-clamping technique (Zhang et al. 2004 ). However, so far, the link between transport processes for H + and citrate across the plasma membrane of proteoid roots has not been thoroughly studied. It has been reported that in mutant carrot cells, plasma membrane H + ATPase acitivty was up-regulated simultaneously with enhanced expression of citrate synthase, associated with an increase in citrate exudation. The exudation rate of citrate by the mutant carrot cells was significantly inhibited by vanadate, implying a direct link between citrate release and H + release driven by a plasma membrane H + ATPase (Ohno et al. 2003) . Furthermore, the same group showed that antisense inhibition of gene expression of the plasma membrane H + ATPase decreased citrate exudation (Ohno et al. 2004) . However, there is no quantitative information on the stoichiometric relationship between citrate release and H + release from intact proteoid roots of white lupin . Furthermore, it is not clear how closely H + release and citrate release are related during root exudation. Additionally, the question remains whether, besides H + , other ions, for example K + , are also involved as counterions for the release of citrate by proteoid root cells of white lupin, as found for the proteoid roots of other species (Roelofs et al. 2001) .
In this study, we focused on the quantification of citrate, malate, H + and other ions released by intact, actively exuding proteoid roots of white lupin grown under P-deficient conditions. A small cuvette (4 ml) was used for the collection of root exudates during various incubation periods ranging from 15 to 120 min. Pharmacological agents were used to modify proteoid root exudation. The aim of the present study was to reveal the quantitative relationships between citrate release and the release of other ions, especially that of H + , by proteoid roots, and hence to elucidate further the mechanisms involved in the acclimation of white lupin to P deficiency.
Results

Cations and anions exuded by active proteoid roots
The operational definition of active proteoid roots of white lupin acclimated to P deficiency is the youngest, fully developed proteoid roots, which significantly acidify the rhizosphere (Fig. 1 , Yan et al. 2002) (Table 1 ). In addition, the citrate exudation rate was markedly faster than that of malate. In comparison with malate, Fig. 1 Collection of proteoid root exudates of intact white lupin plants using a small perspex cuvette with a volume of 4 ml 3 (l×w×h = 4×1×1 cmthe citrate release rate was 15, 11, 10 and 8.5 times faster for incubation times of 15, 30, 60 and 120 min, respectively. The exudation rates of SO 4 2-and Cl -were similar for the incubation time of 15 min. However, with the extended incubation time, the exudation rate of SO 4 2-was markedly faster than that of Cl - (Table 1) . Throughout all incubation periods, citrate made a contribution of >50% to total negative charges exuded by proteoid root cells, assuming three negative charges for each citrate. More than 30% of total negative charges exuded by active proteoid roots were carried by SO 4 2-. The contribution of malate (with two negative charges) and Cl -to total negative charges exuded by proteoid roots was quantitatively less important. When total positive and negative charges were compared, total positive charges were approximately 15% lower than total negative charge throughout all incubation periods.
The decline of exudation rate of various ions with increasing time raises the question of whether this decline is caused by a possible anaerobic condition or, alternatively, by an increasing uptake rate of the ions by proteoid roots. To answer this question, the exudation rates of different ions were compared under non-aerated and aerated conditions. For the aerated treatment, the incubation solution in the small perspex cuvette was aerated with a syringe needle which was connected to an aquarium pump. The exudation rate was the same for all ions determined for treatments with or without aeration (data not shown). In an additional experiment, exudation solution was collected for every 30 min through an experimental period up to 120 min. Under this condition, the exudation rate of various ions was fairly constant throughout the whole experimental period (Fig. 2) .
Relationships between citrate exudation and exudation of other ions by active proteoid roots
The citrate exudation rate was closely correlated with the exudation rates of H + , K + , Na + and Mg 2+ ( Fig. 3a-d) . Equally, close relationships were also found between the malate exudation rate and the exudation rates of the above-mentioned cations ( Fig. 3e-h ). However, there was no relationship between the exudation rate of Ca 2+ and the exudation rates of citrate or malate (data not shown). The relationships between the exudation rates of various cations and those of SO 4 2-or Cl -were also calculated. They were not significant (r 2 < 0.5, data not shown). Furthermore, based on charge equivalents, for all analyzed ions, there was a very close relationship for total charges between exuded cations and anions, assuming two and three negative charges for malate and citrate, respectively (Fig. 4) . The slope of the regression (0.84) indicates only a small deviation between total positive and negative charges, being higher for negative than for positive charges. This charge balance between exuded cations and anions indicates a proper consideration and precise quantification of all relevant ions exuded by active proteoid roots of white lupin acclimated to P deficiency.
Effect of various pharmacological agents on the exudation of ions by active proteoid roots
To investigate the relationship between different ions during exudation, especially that between citrate and H + , the incubation time with different pharmacological agents was limited to 30 and 60 min to minimize possible secondary effects of the pharmacological agents on the ion transport across the plasma membrane.
Fusicoccin stimulates plasma membrane H + ATPase of plant cells and results in increased H + release (Mengel and Schubert 1985, Sze et al. 1999 ). Fusicoccin addition (5 µM) significantly increased the H + exudation of active proteoid roots ( Fig. 5a ), whereas the exudation of K + was significantly decreased (Fig. 5b ). There was no significant effect of fusicoccin on the exudation of Na + and Mg
2+
. Fusicoccin addition significantly increased the exudation rate of citrate for an incubation time of 60 min, but not for 30 min (Fig. 5e ). In addition, for malate, a significantly faster exudation rate relative to control was observed (Fig. 5f ). There was no effect of fusicoccin on the exudation of SO 4 2-and Cl - (Fig. 5g, h ). Vanadate inhibits P-type ATPases including plasma membrane H + ATPase of plant cells (Palmgren 1998) . To evaluate the contribution of the plasma membrane H + ATPase to the exudation of carboxylates by active proteoid roots of white lupin under P deficiency, 350 µM vanadate was included in the incubation solution. Vanadate significantly reduced H + exudation by active proteoid roots throughout all incubation periods (Fig. 5a ). In comparison with the control, the H + exudation rate was reduced by >50%. In addition, a significant decrease in Mg 2+ exudation was also detected for the incubation time of 30 min (Fig. 5d ). In contrast, the Na + exudation rate was significantly increased by vanadate (Fig. 5c ), while a significant Table 1 Effect of incubation time on the release rate of various ions by intact active proteoid roots of white lupin grown under P deficiency Plants were cultivated for 3 weeks in a nutrient solution without phosphate. After an overnight pre-incubation in a test solution (0.5 mM: K 2 SO 4 , Na 2 SO 4 , CaSO 4 , pH 5.6), the youngest, fully developed proteoid roots were fixed in a special cuvette with 3 ml of test solution. The values represent the means ± SE of six independent experiments.
Ions
Release rate [µmol (g FW) 2.8 ± 0.34 1.7 ± 0.14 1.2 ± 0.14 0.8 ± 0.14 Malate 0.2 ± 0.01 0.2 ± 0.01 0.1 ± 0.00 0.1 ± 0.01 SO 4 2-2.6 ± 1.60 1.8 ± 0.61 1.1 ± 0.50 0.8 ± 0.25 Cl increase in K + exudation was only found for the incubation time of 30 min (Fig. 5b) . Vanadate significantly decreased the exudation rate of malate ( Fig. 5f ). In contrast, the exudation of citrate was not affected by 350 µM vanadate, irrespective of incubation periods (Fig. 5e) . A significant decrease in Cl -exudation by proteoid roots was evident in the treatment with vanadate ( Fig. 5h ). For SO 4 2-, a significant increase in exudation rate was found for the incubation time of 30 min (Fig. 5g) .
Anthracene-9-carboxylic acid is an anion channel blocker for plant cells; it inhibits citrate exudation by intact white lupin roots (Neumann et al. 1999 ) and by protoplasts isolated from proteoid roots of white lupin (Zhang et al. 2004 ). In the present study, anthracene-9-carboxylic acid (150 µM) did not inhibit the exudation of citrate and malate by active proteoid roots of white lupin during the incubation time of 30 min (Fig. 5e, f) . In contrast, it significantly inhibited the exudation of citrate and malate when the incubation time was extended to 60 min (Fig.  5e, f) . Anthracene-9-carboxylic acid acted more quickly on the exudation of Cl -. In comparison with the control, a significant inhibition of Cl -exudation was observed for both incubation periods (Fig. 5h) . Anthracene-9-carboxylic acid did not show any inhibitory effect on SO 4 2-exudation (Fig. 5g) . Among the cations studied, there was a significant inhibition by anthracene-9-carboxylic acid of H + exudation when the incubation time was extended to 60 min (Fig. 5a ). For K + exudation, a stimulating effect of anthracene-9-carboxylic acid was evident for the incubation period of 60 min (Fig. 5b) . There was no effect of anthracene-9-carboxylic acid on the exudation of Na + and Mg 2+ (Fig. 5c, d ). To clarify the inhibition of H + exudation, we studied the effect of anthracene-9-carboxylic acid on H + pumping activity of isolated plasma membrane vesicles. In vitro, anthracene-9-carboxylic acid showed no inhibitory effect on H + pumping activity of plasma membrane H + ATPase (data not shown).
Effect of pharmacological agents on internal citrate and malate concentrations of active proteoid roots
The concentrations of citrate and malate of active proteoid roots were analyzed after collection of exudates. The concentration of citrate in the active proteoid roots ranged from 29 to 39 µmol (g FW) -1 (Table 2 ). The concentration of malate ranged from 19 to 24 µmol (g FW) -1 and was approximately 1.5 Fig. 2 Exudation rates of various ions by proteoid roots. Plants had been grown in solution culture without phosphate for 3 weeks. Active proteoid roots were selected for the collection of root exudates. The exudation solution was collected every 30 min. Values represent means ± SE; n = 4. Fig. 3 Relationships between proteoid root exudation rates of citrate and malate and exudation rates of H + , K + , Na + and Mg 2+ . Plants had been grown in solution culture without phosphate for 3 weeks. Active proteoid roots were selected for the collection of root exudation. The time periods for collection of root exudates were 15, 30, 60 and 120 min. The data were derived from six independent experiments. times lower than that of citrate (Table 2 ). There was no significant effect of the tested pharmacological agents on the concentrations of citrate and malate in active proteoid roots of white lupin during the incubation time of 30 and 60 min (Table 2) .
Discussion
Validity of the methods used for quantification of cations and anions exuded by active proteoid roots Precise quantification of cations and anions exuded by active proteoid roots is a prerequisite for the study of relationships between carboxylic anions and other ions exuded by active proteoid roots. In the present study, we employed a very small volume of incubation solution (3 ml) in a special perspex cuvette. In addition, for each ion species, we determined the differences of ion concentration between the solutions before and after the incubation experiment. According to the change of the ion concentration and the solution volume used for incubation, the amount of ions exuded was quantified.
Regarding the various ions, the quantification of H + exuded by proteoid roots is the most critical. A precise quanti- Table 2 Effect of pharmacological agents on the concentrations of citrate and malate of active proteoid roots of white lupin grown under P deficiency Plants were cultivated for 3 weeks in a nutrient solution without phosphate. After an overnight pre-incubation in a test solution (0.5 mM: K 2 SO 4 , Na 2 SO 4 , CaSO 4 , pH 5.6), the youngest, fully developed proteoid roots were fixed in a special cuvette with 3 ml of test solution. After collection of exudation solution, the proteoid roots were harvested, frozen in liquid nitrogen and stored at -20°C until analysis. The values represent the means ± SE of four independent experiments.
Concentration [µmol (g FW)
- Fig . 5 Effect of pharmacological agents on the exudation rate of active proteoid roots. Plants had been grown in solution culture without phosphate for 3 weeks. Active proteoid roots were selected for the collection of root exudates. Fusicoccin (5 µM), vanadate (350 µM) and anthracene-9-carboxylic acid (150 µM) were applied separately to the solution for collection of root exudates. Values represent means ± SE of four independent experiments. The scale for malate is 10-fold higher than that for other ions. A significant difference (P < 5%) between the control and treatments with pharmacological agents was calculated by paired t-test and is indicated by an asterisk.
fication of H + exuded by plant roots is complicated by the fact that the proteoid roots exude a large amount of citrate and malate, which buffer H + . To optimize the quantification of H + in the root exudation solution, we titrated both solutions (solutions before and after incubation with proteoid roots) to pH 7. The difference in consumed alkalinities was then equivalent to the H + exuded by proteoid roots. The choice for the end-point of titration was based on the fact that for most plant cells the cytosolic pH is around 7 (Guern et al. 1991) , at which citrate or malate are transported across the plasma membrane. In agreement with previous results of Mengel and Schubert (1985) , no strong effect of CO 2 on the quantification of H + exudation by proteoid roots was detected. This may be attributed to slow respiration rates of active proteoid root cells (Neumann et al. 1999 , Massonneau et al. 2001 , Kania et al. 2003 .
The validity of the methods used for the quantification of various ions was confirmed by a close correlation (r 2 = 0.94) between total charge equivalent of cations and anions with a slope of 0.84 (Fig. 4) . The small discrepancy between the estimated slope and the theoretical value of 1 may reflect either the sum of errors involved in the measurements of each ion species or the ion species not considered. Despite this 16% deviation between total positive and negative charges, our data indicate that not only the quantity of ions but also the relevant ion species exuded by active proteoid root cells were determined accurately.
An additional important aspect for the determination of exudation by intact roots is the time period used for the collection of root exudates. This is especially critical for the incubation with pharmacological agents. In previous studies on root exudation of white lupin under P deficiency, the incubation time ranged from 1.5 to 2 h (Neumann et al. 1999 , Sas et al. 2001 , Peñaloza et al. 2002 and from 6 to 18 h (Watt and Evans 1999a) . Because the aim of the present study focused on the plasma membrane transport of various ions, we studied ion exudation during different incubation periods ranging from 15 to 120 min. For ions such as citrate, malate, Mg 2+ and Cl -, the exudation rate within 15 min approximately represents efflux, because the concentration of these ions in the incubation solution was very low, and the contribution of influx to the concentration changes of the ions can be neglected. The disadvantage of determining the exudation rate within an incubation time of 15 min relative to a longer incubation time was the greater variation (Table 1) . Generally, the exudation rate of ions declined, though to different extents, with increasing incubation time (Table 1) . This is explained in terms of the increasing contribution of ion uptake by proteoid root cells. After an incubation time of 120 min, the exudation rate is close to a steady state. This assumption is supported by the fact that the exudation rates of various ions were fairly constant throughout an experiment period of 120 min, when the exudation solutions were collected every 30 min (Fig. 2) . It is evident that the collection time of 30 min for the exudation study on active proteoid roots using a small chamber is better than other collection time periods used. Under this condition, the concentration change of all ions studied can be precisely quantified. For investigation of the effect of pharmacological agents on root exudation, we studied different time spans (30 and 60 min), because the reaction of roots to pharmacological agents may change significantly during different reaction times.
Quantitative relationship between citrate and H
+ exudation by intact, active proteoid roots of white lupin grown under P deficiency Quantitatively, active proteoid roots of white lupin exuded citrate with a rate of 0.8-2.8 µmol (g FW)
-1 h -1 (Table 1) , similar to findings of Keerthisinghe et al. (1998) , Neumann et al. (1999) and Peñaloza et al. (2002) . Furthermore, malate exudation was approximately 8.5-15 times slower than that of citrate (Table 1) , although the concentration ratio of citrate to malate in the active proteoid roots was about 1.5 (Table 2) . This confirms that active proteoid roots preferentially exude citrate (Neumann and Martinoia 2002) .
Over a wide range, citrate exudation was closely related to H + exudation with a stoichiometry of 1 : 1.3 (citrate : H + , Fig.  3a ). An identical stoichiometry of 1 : 1.3 for exudation of citrate and malate to H + was determined for symbiotically grown white lupin by Sas and co-authors (Sas et al. 2001) . It is evident that H + exudation alone is not sufficient to keep the charge balance for the release of carboxylic anions by proteoid roots of white lupin under P deficiency. K + , Na + and Mg 2+ can function as additional counterions for citrate exudation, since their exudation correlated well with citrate exudation (Fig. 3b-d) .
Relative to citrate, a stoichiometry of 1 : 2.1 and 1 : 1.5 was determined for K + and Na + , respectively (Fig. 3b, c) . For Mg 2+ , a stoichiometry of 1 : 0.94 was calculated by multiplying the slope (Fig. 3d) , Na + and Mg 2+ for the exudation of citrate by proteoid roots, specific pharmacological agents were applied. For such experiments, care should be taken in the interpretation of results, because secondary effects of pharmacological agents on metabolism and transports cannot be ruled out. To minimize side effects of pharmacological agents, we treated roots for only 30 and 60 min. During these time periods, there was no effect of pharmacological agents on the concentration of citrate and malate in proteoid roots (Table 2 ). However, under the same conditions, niflumic acid (anion channel blocker) and tetraethylammonium (TEA + ; K + channel blocker) significantly reduced the citrate and malate concentrations of active proteoid roots by >50% (data not shown) and were, therefore, not considered further in our study.
Proteoid root cells responded to fusicoccin addition within 30 min with a significant increase in H + exudation as compared with control. However, during this incubation time, there was no change in citrate exudation (Fig. 5a, e) . A concomitant stimulation of exudation of H + and citrate was observed when the incubation time was extended to 60 min. Likewise, anthracene-9-carboxylic acid caused a concomitant decrease in citrate and H + release after incubation for 60 min (Fig. 5a, e) . In spite of this, the distinct response to fusicoccin addition between H + release and citrate release reveals that the H + release and citrate release from active proteoid roots of white lupin are not strictly related. This conclusion can be strengthened further by the fact that vanadate significantly suppressed H + release by >50%, but showed no inhibition of citrate release (Fig. 5a, e) . It must be noted that our results with vanadate are not in agreement with data reported by Ohno and co-workers (Ohno et al. 2003) who showed a significant inhibition by vanadate of citrate release from mutant carrot cells. This discrepancy is probably caused by different incubation times. In the present study, we treated proteoid roots only for 30 and 60 min, respectively, whereas in the study mentioned above, mutant carrot cells were treated with vanadate for 10 h (Ohno et al. 2003) . Our data also demonstrate that H + release and citrate release from active proteoid roots of white lupin are independent of each other. This is in good agreement with our hypothesis that exudation of citric acid from active proteoid roots of white lupin can be attributed to two separate membrane transport processes: H + release driven by plasma membrane H + ATPase and citrate release mediated through anion channels (Yan et al. 2002) .
Several lines of evidence indicate the importance of plasma membrane H + ATPase activity for citrate exudation from proteoid roots. In our previous study, we reported a significant up-regulation of the activity of plasma membrane H + ATPase in the proteoid root cells with a high citrate exudation rate (Yan et al. 2002) . A similar up-regulation of plasma membrane H + ATPases was also reported for mutant carrot cells whose citrate exudation was significantly increased by overexpression of citrate synthase (Ohno et al. 2003) . Furthermore, antisense inhibition of gene expression of plasma membrane H + ATPase caused a significant decrease of citrate exudation (Ohno et al. 2004 ). In addition, we recently studied gene expression of plasma membrane H + ATPase during the development of proteoid roots and found that the time course for upregulation of gene expression of plasma membrane H + ATPase in proteoid roots matched exactly that for the up-regulation of citrate exudation (unpublished data). The question arises of which roles the plasma membrane H + ATPase may play for citrate efflux from proteoid root cells of white lupin.
Plasma membrane H + ATPase acts as a primary transporter by pumping H + out of cells, thereby creating pH and electric potential differences across the plasma membrane. Accordingly, the significance of plasma membrane H + ATPase for the citrate export from proteoid root cells may lie either in supply of driving force and counterions for the citrate export mediated through anion channels or in regulation of cytosolic pH to protect cells from acidosis during the accumulation of citrate due to a change of citrate metabolism under P deficiency. In the present study, we used fusicoccin and vanadate to modify the H + pumping activity of plasma membrane H + ATPase. Fusicoccin removes the auto-inhibitory domain of the Cterminus of plasma membrane H + ATPase, and thus stimulates its activity, resulting in a higher H + pumping activity, and consequently a hyperpolarization of the membrane potential (Johansson et al. 1993, Taylor and Assmann 2001) . In contrast, vanadate strongly inhibits the activity of plasma membrane H + ATPase of proteoid roots with an I 50 of 5 µM (Yan et al. 2002) . Vanadate inhibits the enzyme (Palmgren 2001) and thus suppresses H + pumping activity, resulting in a depolarization of the membrane potential. In spite of a dramatic change of H + pumping activity by addition of fusicoccin or vanadate (Fig.  5a ), the response of citrate release was limited. During the incubation time of 30 min, citrate release showed no response to addition of fusicoccin or vanadate. A significant increase in citrate release was observed only after incubation with fusicoccin for 60 min (Fig. 5e ). These data indicate that citrate release from active proteoid roots may not be directly limited by membrane potential as the driving force. Citrate export from proteoid roots of white lupin is mediated through, at least, two types of anion channels, which were characterized using the patchclamping technique as inwardly and outwardly rectifying currents, respectively (Zhang et al. 2004 ). The former showed high citrate export activity with high (negative) membrane potential, while the latter showed high citrate export activity with low (negative) membrane potential. Therefore, it can be speculated that the pharmacological agents may shift the contributions of the two types of anion channels to the total amount of citrate release without significantly affecting the total amount of citrate release itself.
The fact that vanadate substantially inhibited H + release without any inhibition of citrate release indicates that charge balance for citrate exudation is not necessarily achieved by H + . Release of other cations, such as K + or Na + , or uptake of anions, such as NO 3 -or Cl -, also contributes to charge balance. In the present study, charge balance for citrate release was maintained by both an increase of Na + release and a decrease of Cl -release (Fig. 5c, h ), when H + release was suppressed by vanadate. This may also explain why there was no detectable inhibitory effect of vanadate on citrate exudation, even when H + exudation was strongly suppressed by vanadate (Fig. 5e, a) . In some species of the family Proteaceae, the charge balance for the release of organic anions is maintained predominantly by K + release under P deficiency (Roelofs et al. 2001 ). With addition of fusicoccin, proteoid roots increased H + release with a concomitant decrease in K + release (Fig. 5b) . This may be caused by fusicoccin-stimulated K + uptake (Romani et al. 1985) . Obviously, the contribution of individual counterions to charge balance for citrate release from proteoid roots of white lupin may change depending on environmental conditions. However, it must be borne in mind that K + or Na + needed for citrate release has to be taken up by the root system prior to exudation. Transport of nutrient ions into plant root cells is energized directly or indirectly by plasma membrane H + ATPase (Palmgren 2001) . In a natural ecosystem with poor soil fertility, increasing H + pumping activity to maintain charge balance may be a superior strategy to that of K + or Na + release. The physiological significance of plasma membrane H + ATPase for active proteoid roots of white lupin may lie in maintenance of cytosolic pH, to protect root cells from acidosis during the citrate accumulation due to a change of citrate metabolism under P deficiency. There is general agreement in the literature that H + pumps are likely to have a key role in the control of intracellular pH, usually by transferring a large amount of H + across the plasmalemma or the tonoplasts (Guern et al. 1991) . The significance of plasma membrane H + ATPase for the maintenance of cytosolic pH of plant root cells is especially evident under stress environmental conditions such as anoxia (Xia and Roberts 1996) , weak acid loading (Mathieu et al. 1986 , Reid et al. 1989 or low solution pH (Gout et al. 1992 , Yan et al. 1998 . Cytosolic pH may regulate the open frequency of citrate-permeable anion channels in proteoid roots of white lupin (Kania et al. 2003) .
Evidence for separate transport systems for citrate and malate export from active proteoid roots of white lupin
In the present study on intact proteoid roots, there appear to be differences between anion channels responsible for the release of citrate, malate and Cl -, respectively. In response to addition of anthracene-9-carboxylic acid, a significant suppression of Cl -exudation was achieved within 30 min, whereas a similar suppression of citrate and malate exudation was not obtained until the incubation time was extended to 60 min (Fig.  5e, f, h ). Furthermore, malate exudation was always related to H + exudation, regardless of the pharmacological agents and incubation periods used (Fig. 5a, f) . This implies a membrane potential dependency of malate export. However, the exudation of citrate and Cl -did not always show this link (Fig. 5a, e) . These data may indicate that there are different anion channels responsible for the release of citrate, malate and Cl -, respectively. So far, three types of ion transporters have been identified in the plasma membrane of active proteoid roots of white lupin. Two of them are anion channels responsible for citrate efflux and Cl -influx, respectively (Zhang et al. 2004 ). The latter can also mediate citrate efflux when cell membranes are depolarized. The third appears to be a H + pump. It is interesting to note that the identified citrate-permeable anion channels were equally permeable for citrate and malate (Zhang et al. 2004 ). This is not in good agreement with the data obtained from intact proteoid roots, which showed that the exudation rate of citrate was approximately 10-fold faster than that of malate (Fig. 5e, f) , although the concentration ratio of citrate to malate of the root tissue was only 1.5 (Table 2) . This discrepancy may reflect either loss of selectivity between citrate and malate of anion channels during protoplast preparation or distinct distribution patterns of citrate and malate in different tissues, or in different endogenous compartments of proteoid root cells.
Materials and Methods
Plant materials and cultivation
Seeds of white lupin (L. albus L. cv. Amiga, kindly supplied by Dr. Römer, Südwestsaat GbR, Rastatt, Germany) were soaked in aerated 1 mM CaSO 4 for 1 d and germinated at 22°C in the dark between two layers of filter paper moistened with 1 mM CaSO 4 . After 4 d, seedlings were transferred to a container with 50 liters of one-quarter strength concentrated nutrient solution (see below). Plants were grown in a growth chamber under controlled conditions. Lamps (Powerstar HQI-T 400W/D, Osram, Frankfurt, Germany) gave a light intensity of approximately 400 µmol m -2 s -1 at shoot height, with a day/night cycle of 16 h/8 h at 22°C/15°C. Relative humidity was 60%. After 2 and 4 d of cultivation, the concentration of the nutrient solution was increased to one-half and full strength, respectively. The full-strength nutrient solution had the following composition: 0.5 mM Ca(NO 3 ) 2 , 1.75 mM K 2 SO 4 , 0.25 mM KCl, 1.25 mM MgSO 4 , 25 µM H 3 BO 3 , 1.5 µM MnSO 4 , 1.5 µM ZnSO 4 , 0.5 µM CuSO 4 , 0.025 µM (NH 4 ) 6 Mo 7 O 24 and 20 µM Fe(III)-EDTA. The complete solution in the containers was changed every 3 d. The solution pH was kept at 6.0 by continuous titration with 0.1 M NaOH using a pH stat system (System-pH-meter CG804 with Kolbenbürette T100, Titrator TR 154, Schott, Hofheim, Germany). Exudates of active proteoid roots were collected from 3-week-old plants.
Collection of root exudates
After 3 weeks of cultivation, plants were incubated overnight with a matrix solution containing 0.5 mM K 2 SO 4 , 0.5 mM Na 2 SO 4 and 0.5 mM CaSO 4 . During the overnight incubation, the solution pH was kept at pH 6. The next morning, individual plants were transferred to a plastic box, and the whole root system was spread without being damaged. For collection of root exudates, only the active proteoid roots were used. They were the youngest, fully developed proteoid roots, and showed strong rhizosphere acidification (Yan et al. 2002) . A small perspex cuvette with a volume of 4 ml 3 (l×w×h = 4 cm×1 cm×1 cm) was used for the collection of root exudates (Fig. 1) . Two notches in the cuvette prevented damage to root tissues when proteoid roots were placed into the cuvette. The notches were then sealed with high-vacuum silicon-based grease (Baysilone-Paste, Mittelviskos, GE Bayer Silicones, Germany) to create a compartment for active proteoid roots that was separated from the rest of the root system. Once active proteoid roots were fixed in the perspex cuvette, the plastic box was filled with 200 ml of matrix solution (see above) to submerge the entire root system. A 3 ml aliquot of matrix solution were then added to the cuvette to submerge the encased proteoid roots. The solution in the cuvette was exchanged twice (each after 10 min incubation), before the collection of root exudates started. The matrix solution in the perspex cuvette was not stirred or aerated during the periods of collection (15-120 min). The experiments were conducted in the growth chamber under the same conditions as for plant cultivation. For all experiments, the collection of the root exudates always began at 10 a.m. after plants had been exposed to light for 4 h to avoid possible variation of citrate release due to a diurnal rhythm (Watt and Evans 1999a) . The change in solution volume was determined during the incubation periods from 15 to 120 min, and was found to be <1% of the original volume (3 ml). For each treatment, one sample solution for exudate analysis was collected from eight different perspex cuvettes containing two proteoid roots each. To study the effect of incubation time on root exudation, different incubation periods were applied to the proteoid roots of one plant. Eight plants were used for root exudation in every experiment. For the experiment to study the effect of pharmacological agents on root exudation, pharmacological agents were applied to the proteoid roots of different plants to avoid a possible effect of pharmacological agents on the rest of the root system. Each sample solution was then collected from 16 proteoid roots of four plants.
At the end of the collection period, the solution was removed from the perspex cuvette with a pipette, filtered (Schleicher & Schüll, Dassel, Germany) and transferred to a plastic vial. Proteoid roots in the cuvette were harvested to determine fresh weight, frozen in liquid nitrogen and stored at -20°C for analysis of citrate and malate.
For the investigation of effects of pharmacological agents on root exudation, all solutions were prepared with the matrix solution (see above) immediately before use. In the solution containing 350 µM sodium vanadate, Na 2 SO 4 was omitted to maintain a similar Na + concentration to the matrix solution. Fusicoccin was dissolved in ethanol, and diluted with the matrix solution to 5 µM. Anthracene-9-carboxylate was dissolved in ethanol with ultrasonification (Neumann et al. 1999) and diluted with matrix solution to 150 µM. There was no detectable effect of ethanol on the root exudation under the experimental conditions. The pH of all solutions prepared was adjusted to pH 5.6.
Root exudate analysis
The concentration change of individual ion species before and after incubation with proteoid roots was determined. The quantity of root exudates was then calculated by multiplying the concentration change of ions with the solution volume used for the collection of root exudates. The volume change of the solution during incubation periods was <1%, and was therefore ignored.
Quantification of H + released
Immediately after collection and filtration, aliquots of exudation solution were titrated with 1 mM NaOH to pH 7. The titration endpoint was detected by a pH-microelectrode (InLab 423, Mettler-Toledo GmbH, Greifensee, Switzerland). Parallel to the exudation solution, the corresponding blank solution was also titrated in the same way. The difference in consumed alkalinity between exudation solution and the corresponding blank solution was calculated to quantify H + exudation by proteoid roots. The exudation solution was not treated with vacuum before titration, since in a preliminary experiment vacuum treatment did not show a significant effect on the titration results.
Quantification of K
2+ and Ca 2+ released
For determination of the concentration of cations, the exudation solution was diluted 10-fold. The concentration of individual ions (K + , Na + , Ca 2+ and Mg 2+ ) was measured by means of atomic absorption spectrometry (Varian 220FS, Varian Australia Pty Ltd, Mulgrave Victoria, Australia). The ion exudation by proteoid roots was calculated for each ion species from the concentration difference between exudation solution and the corresponding blank solution.
Quantification of Cl
-, NO 3 -, SO 4 2-and PO 4 3-released
For determination of the concentration of inorganic anions, the exudation solution was diluted 5-fold with water, and passed through a C 18 -E column (S201-13, Strata, Torrance, CA, USA). Aliquots of 20 ml were injected by means of an auto-sampler (788 IC Filtration Sample Processor, Mithrohm, Herisan, Switzerland) attached to a Mithrohm 761 Compact IC system (Mithrohm, Herisan, Switzland). Ion separation was conducted on an analytical anion column (A-Supp 4, Mithrohm, Herisan, Switzerland) with matching guard column. The eluent was a mixture of 4 mM NaHCO 3 and 1 mM Na 2 CO 3 . The eluted anions were suppressed with a self-regenerating suppressor, and sample anions were detected by conductivity. Standards were prepared for SO 4 2-, Cl -, NO 3-and PO 4 3-
. Data acquisition and integration of chromatograms were performed using a software system (IC-Net 2.1, Metrohm AG, Herisan, Switzerland). According to the concentration difference of the ion between exudation solution and the corresponding blank solution, the ion exudation by proteoid roots was calculated for each ion species.
Quantification of citrate and malate
For determination of citrate in the exudation solution, 1 ml of solution was directly used for analysis. Citrate was analyzed by using the citric acid test kit (Biopham, Mannheim, Germany). For the determination of malate, 5-8 ml of exudation solution were mixed with 20 µl of 1 M H 2 SO 4 and then vacuum-evaporated to dryness by means of a concentrator (Automatic Environmental Speedvac, Savant AES1010, Frankfurt/Main, Germany). The residue was re-dissolved in 1 ml of 0.05 M NaOH, and the pH of the solution was then adjusted to pH 8. Malate was analyzed by using the L-malic acid test kit (Biopham, Mannheim, Germany). There was no detectable effect of pharmacological agents included in the incubation solution on the analysis of citrate and malate by enzyme test kits.
For the determination of citrate and malate in proteoid roots, root tissue samples were homogenized with 5% (v/v) H 3 PO 4 . After centrifugation, the pH of the supernatant was adjusted to pH 8. Citrate and malate content were analyzed as above.
Statistical treatment
Variation is indicated by ±SE (if bars exceed symbols in figures ). Significant differences between the control and the treatments with pharmacological agents were calculated using the paired t-test of the software program SigmaStat (version 2.03).
